Platelet consumption is a prominent feature of disseminated intravascular coagulation. We investigated whether monocyte procoagulant activity (PCA) might play a role in platelet consumption associated with gram-negative septicemia. Human mononuclear cells exposed in vitro to lipopolysaccharide demonstrated parallel dose-dependent increases in PCA and ability to induce platelet aggregation. Induction of platelet aggregation required the generation of thrombin dependent on coagulation Factors VII, X, and II, and calcium. This is consistent with monocyte tissue factor initiating thrombin generation. A specific monoclonal antimonocyte antibody was used to identify monocytes via indirect immunofluorescence, and demonstrated that all monocytes were included in platelet aggregates. Mononuclear cells that did not express PCA did not induce platelet aggregation and monocytes were not surrounded by platelet clumps. These data suggest that monocytes induced to express tissue factor on their surface may be important mediators of endotoxin-induced platelet, as well as fibrinogen, consumption.
Introduction
Thrombocytopenia is a consistent laboratory finding in patients with disseminated intravascular coagulation (DIC),' which is a process also marked by consumption of fibrinogen (1) . DIC can be caused by a number of processes, with septicemia due to gram-negative bacteria a frequent triggering event (2) . Lipopolysaccharide (LPS) from endotoxin of gram-negative bacteria is believed to play a prominent causative role in such cases of DIC (3) . A proposed mechanism for this is the induction of procoagulant activity (PCA) among peripheral blood mononuclear cells (PBM) after exposure to LPS (4) . The PCA is expressed by monocytes, which require instructions from LPSstimulated T lymphocytes to manifest maximum PCA (5, 6) . Experimental evidence suggests mononuclear cell PCA has a causative role in DIC. Rendering an experimental animal leukopenic interferes with endotoxin-induced DIC (7) . Transfusing a leukopenic animal with leukocytes restores the ability of endotoxin to induce fibrinogen consumption (8) . Likewise, infusing an experimental animal with leukocytes that have been exposed Receivedfor publication 13 January 1986 and in revised form 24 July 1986.
1. Abbreviations used in this paper: DIC, disseminated intravascular coagulation; FITC, fluorescein isothiocyanate; LPS, lipopolysaccharide; PBM, peripheral blood mononuclear cells; PCA, procoagulant activity; TBS, tris-buffered saline.
to LPS in vitro, and that express procoagulant, results in DIC (9) . Monocytes have been shown to be the cells expressing PCA among leukocytes (10) .
These studies, however, have not addressed the mechanism ofthrombocytopenia, a prominent part of the DIC. Indeed laboratory evidence ofDIC can be found in almost all septic patients with a platelet count <50,000/h4 (I1). Endotoxin damages platelets (12) , and some investigators have felt this to be the primary mechanism whereby endotoxin induces thrombocytopenia and DIC (13) . However, thrombocytopenic animals demonstrate nearly normal rates of endotoxin-induced fibrin deposition in organs (14) . We investigated the possibility that PBM exposed to LP might initiate platelet aggregation. We felt it reasonable that the thrombin generated at the surface of monocytes as a result of tissue factor expression would cause platelet aggregation as well as clotting of fibrinogen, giving a unified mechanism of platelet and fibrinogen consumption.
Methods
Cell isolation and culture. Mononuclear cells were isolated from the peripheral blood of fasting healthy donors. Blood was drawn into a plastic syringe without anticoagulant and added immediately to a sterilized glass Erlenmeyer flask containing 15 5-mm glass beads. The blood was then defibrinated, and the mononuclear cells subsequently isolated by FicollHypaque centrifugation (1.077 g/ml, Sigma Chemical Company, St. Louis, MO) at 1,400 g and 220C for 12 min. This method yielded mononuclear cells completely free of platelet contamination as assessed by immunofluorescence for thrombospondin (15) . Mononuclear cells were then washed twice with Hanks' balanced salt solution, resuspended in RPMI 1640 (Gibco, Grand Island, NY) containing 100 U/ml penicillin, 50 ,g/ml streptomycin, 2 mM Hepes (Gibco) pH 7.4, and 10% heatinactivated fetal calf serum (FCS, Sterile Systems, Logan, UT). These PBM contained an average of 80% lymphocytes, 20% monocytes, and <1% polymorphonuclear leukocytes as assessed by Wright's stain. Cell viability was >99% as assessed by eosin exclusion. All media were prepared with pyrogen-free water and stored in acid-washed, high-temperature-baked glassware. PBM (16) . Blood was drawn into one-seventh vol of acid citrate dextrose buffer, citric acid 0.8%, sodium citrate 2.2%, and dextrose 2.5%. After centrifugation for 15 min at 160 g, the platelet-rich plasma was collected, and the pH was adjusted to 6.5 with addition of 10% acid citrate dextrose. The platelets were then sedimented by centrifugation for 6 min at 480 g, followed by washing of the platelet pellet twice in the following washing solution: 100 mM NaCi, 5 mM KCI, 2 mM CaCI2, 1 mM MgC12, 5 mM glucose, 0.5 mg/ml BSA, 25 Ag/ml apyrase, 20 mM PGE1, and 30 mM sodium citrate, pH 6.5. These platelets were also resuspended in Factor XIIdeficient plasma. Aggregation results on platelets isolated by either technique were the same. Aggregometry was carried out on an aggregometer (model 30080; Payton Scientific Inc., Buffalo, NY). The reactions were reconstituted by adding 200 Ml ofplatelet-rich plasma (4 X 108 platelets/ ml in Factor XII-deficient plasma); 50 Al of 16 mM glycyl-L-prolyl-Larginyl-L-proline (Sigma Chemical Co.; included in reaction to prevent fibrin polymerization [17] , final concentration 2 mM); 50 Ml of a solution of either apyrase (Sigma Chemical Co.), acetylsalicylic acid, heparin (Sigma Chemical Co.), or hirudin (Sigma Chemical Co.) at concentrations indicated in the text; 50 Al of 125 mM calcium chloride; and finally 50 l of mononuclear cells at 2 X 106/ml in RPMI 1640. Platelets exposed to RPMI, or RPMI + 10 Mg/mi LPS did not aggregate. To quantify the platelet aggregation response to PBM exposed to varying doses of LPS, the kinetics of platelet aggregation were quantified by calculating the slope of the initial increase in light transmission on the tracing from the platelet aggregometer (18) .
For some experiments, washed platelets were resuspended in plasma obtained from an individual congenitally deficient in a single coagulation factor. Factor VII-, X-, and II-deficient plasmas were obtained commercially (George King, Overland Park, KS); Factor VIII-deficient plasma was from a local individual with severe Hemophilia A (<1% Factor VIII activity).
Immunofluorescence. Human PBM preparations were evaluated for the presence of platelets by indirect immunofluorescence for human thrombospondin (15) . PBM were allowed to adhere to poly-L-lysinecoated coverslips, fixed in 3% paraformaldehyde in 0. 20 'C. The cells were then maintained on ice until they were added to the platelet aggregation reaction.
Results
Human platelets did not undergo aggregation when unstimulated PBM that had been cultured for 18 h were added to the cuvette (Fig. 1) . In contrast, addition of PBM that had been incubated 18 h in the presence of 10 ,ug/ml of LPS brought about rapid and complete platelet aggregation (Fig. 1) . The induction of platelet aggregation was dependent on the dose of LPS used to stimulate PBM, and paralleled the dose-dependent LPS induction of PCA (Fig. 2) .
Because the ability of mononuclear cells to induce platelet Time (min) Figure 3 . PBM-induced platelet aggregation appears to be dependent on thrombin. Washed platelets were resuspended in Factor XII-deficient plasma as in Fig. 1 , with the addition that the platelet-rich plasma contained concentrations of aspirin, apyrase, hirudin, or heparin as specified in the text. PBM that had been cultured with LPS were added, and aggregation monitored.
aggregation seemed to correlate with surface expression of PCA, we sought evidence that thrombin, generated as a result of procoagulant expression, might mediate the platelet aggregation. Fig. 3 demonstrates that platelet aggregation induced by LPSstimulated mononuclear cells was prevented by heparinizing the plasma, or by adding hirudin. Evidence was lacking that a substance(s) other than thrombin was active in the aggregation, as neither apyrase (25 ,g/ml) nor aspirin (10 ,gg/ml) could inhibit platelet aggregation induced by LPS-stimulated mononuclear cells (Fig. 3) . Control experiments showed the expected inhibition of ADP and epinephrine-induced platelet aggregation by apyrase and aspirin. Thrombin generation by LPS-stimulated PBM occurs by exposure of tissue factor with subsequent activation of Factors VII, X, and 11 (20) . To test for involvement of this pathway in platelet aggregation, washed platelets were resuspended in plasmas from individuals congenitally deficient in various single clotting factors, and platelet aggregometry carried out as in Methods. Fig. 4 demonstrates poor PBM-induced aggregation in platelets suspended in Factor VII-, X-, or II-deficient plasma. The aggregation in Factor VII-deficient plasma took >5 min to occur, and was probably due to Factor XII activation on the cuvette. The identical pattern was seen in Factor VII-deficient platelet-rich plasma alone, without added mononuclear cells (data not shown). The aggregation in Factor II-deficient plasma was slow, only 15% of maximum at 6 min, and probably due to the small amount of Factor II present in the plasma (<3%). Factor VIII-deficient plasma supported PBM-induced platelet aggregation almost as well as Factor XII-deficient plasma. These coagulation factor requirements are identical to those reported for the clotting of plasma by LPS-stimulated PBM, and are consistent with exposure of tissue factor as the initiating event culminating in thrombin generation (5, 6, 10, 20) .
The possible role of monocytes in platelet aggregation was addressed using the monoclonal antibody to human monocytes, anti-Leu-M3, and indirect immunofluorescence to identify monocytes among PBM. This treatment of monocytes did not affect the amount of PCA expressed. Such labeled monocytes were added to the platelet aggregation reaction, and aliquots of the aggregation reaction were removed from the cuvette when the aggregometer showed the first signs of formation of platelet clumps (arrow, Fig. 1 ). Aliquots were applied to poly-L-lysinecoated glass slides, the plasma was allowed to clot (which it did in the presence of this concentration of glycyl-prolyl-arginylproline), and the gelatinous material peeled back, leaving a thin layer of individual cells, platelets, and small aggregates on the slide. The specimens were then viewed under fluorescence microscopy for the presence of fluorescent cells, monocytes, in the platelet clumps. Preliminary experiments on whole peripheral blood preparations demonstrated that indeed only monocytes were immunofluorescently labeled by this technique; platelets were not labeled at all. Fig. 5 B is indeed due to the presence ofmonocytes in the platelet aggregates. Analysis of platelet aggregation reactions wherein PBM not exposed to LPS were added to platelet-rich plasma was carried out similarly. Although there was no platelet aggregation in these reactions, an aliquot of PBM and platelets was applied to a glass slide as in the LPS-stimulated cultures. Because there was no procoagulant, the plasma did not clot, so the slides were gently washed after 10 min. The cells and platelets on the slide were viewed by phase microscopy, and the monocytes identified as above, having been previously treated with anti-Leu-M3 and FITC sheep anti-mouse IgG. No platelet aggregates were seen, and monocytes independent ofplatelets were identified by morphology and fluorescence (Fig. 6, A and B) . The phase micrographs from this part of the experiment are noticeably sharper because the thickness of the samples from the clotted plasma was not a factor here. Fig. 6 (21) (22) (23) .
The present studies indicate that monocytes that have been induced to express PCA on their surface will cause platelet aggregation when added to platelet-rich plasma. This platelet aggregation in calcium dependent, and could best be demonstrated in Factor XII-deficient plasma. Calcium added to normal platelet-rich plasma allowed contact activation on the glass walls of the aggregometer cuvettes with subsequent thrombin generation and platelet aggregation in all samples. Using Factor XII-deficient plasma eliminated this, and allowed observation of aggregation induced by mononuclear cells. This is illustrated by the reaction carried out in Factor VII-deficient plasma (Fig. 4) , wherein aggregation due to contact activation occurred 5 min after initiation of the incubation.
Mononuclear cells that had been incubated in the absence of LPS and then added to the platelet suspension did not induce platelet aggregation. PBM incubated with LPS expressed PCA on their surface, as detected by a one-stage plasma recalcification assay, and induced rapid aggregation ofplatelets. The magnitudes of both effects were dependent on the dose of LPS to which the PBM were exposed. This dependence was not due to carryover of platelets that had been incubated with the mononuclear cells and LPS, as the mononuclear cells were derived from defibrinated blood samples, and shown to be free of platelets as determined by immunofluorescence for human thrombospondin. Platelet XII-deficient plasma. Identical results were obtained in each case, indicating these findings were not a peculiarity of the isolation technique. It is unlikely that the platelet aggregation was due to carryover of LPS from the mononuclear cell cultures. LPS-induced platelet aggregation requires the presence of aggregated IgG or immune complexes, and higher concentrations of LPS than used here (24). In addition, LPS at the concentrations used in PBM cultures, added directly to platelet-rich plasma and unstimulated PBM, did not cause aggregation.
Platelet aggregation induced by PBM that expressed PCA appeared to be due to thrombin, because it was blocked by adding hirudin, a specific inhibitor of thrombin, to the platelet-rich plasma. Likewise, adding heparin to the plasma inhibited the PCA-induced platelet aggregation. The evidence suggests that thrombin was not carried over by monocytes from culture (25, 26) and released in the aggregometry cuvette, but rather generated in situ in the platelet-rich plasma. First, preformed thrombin carried into the aggregation mixture would not be ineffective in the absence ofFactor VII, X, or II. Second, preformed thrombin would not require calcium to initiate platelet aggregation. The same evidence suggests that activation ofthe coagulation cascade and generation of thrombin is due to expression of tissue factor on the surface ofmonocytes, resulting in both platelet aggregation and fibrin generation (5, 6, 10, 20) .
Because monocytes, not lymphocytes among PBM express PCA (5, 6, 10) , it was conceivable that thrombin generated in the immediate microenvironment of monocytes might activate platelets, and monocytes become incorporated into platelet aggregates as a result of their proximity. We labeled peripheral blood monocytes with a specific antibody followed by a fluorescent second antibody so that we might follow the monocytes and see if they formed the nidus of platelet aggregates. These experiments showed that indeed monocytes were present in the middle of many platelet aggregates, although there were platelet aggregates with no monocytes present. Interestingly, there were no free monocytes seen; all were contained within platelet aggregates. We cannot discount the possibility that free monocytes were removed with the plasma clot; however, the presence of lymphocytes independent of platelet aggregates suggests that free monocytes, if present, would have been seen. It has previously been shown that >90% of human monocytes express PCA in response to LPS (6) . This suggests that most monocytes express PCA on their surface, and may be incorporated into platelet aggregates by a mechanism that is at this point unknown. It is unlikely that thrombin still bound to monocytes would induce aggregation, as bound thrombin is apparently sterically hindered from cleaving another substrate, fibrinogen (26). This proposed sequence ofevents is consistent with recent findings that thrombin-stimulated, but not unstimulated, human platelets selectively bind to monocytes (27, 28) . Clinical data are also consistent with the hypothesis that monocyte induction of platelet aggregation via thrombin formation is a cause of thrombocytopenia in gram-negative septicemia. It is also provocative to hypothesize that monocyte-platelet interactions might play a role in processes such as atherosclerosis (29). This will, of course, require further study.
